Introduction
The dissemination of aquatic species as a result of globalization has often had unexpected and harmful impacts on receiving ecosystems, human communities and economies (Lodge et al., 2006; Keller et al., 2009) , though introduced species in some cases may provide significant benefits (Davis et al., 2011; Gleditsch and Carlo, 2011; Schlaepfer et al., 2011; Barnes et al., 2014) . Global databases of introductions indicate relatively few negative impacts for many freshwater fish species particularly relative to the economic value of their production (Gozlan, 2008) . Different authors have, however, reached different conclusions about the extent of undesirable impacts on ecosystems relative to the benefits of aquaculture and fisheries, particularly those based tilapia (Leveque, 2002; Canonico et al., 2005; Gozlan, 2008; Brummett and Ponzoni, 2009; De Silva et al., 2009; Vitule et al., 2009) . Since 2002 tilapia (Cichlidae: primarily of genera Oreochromis, Tilapia, and Serranochromis. In the remainder of this paper, "tilapia" refers to these species collectively) have been one of the fastest growing global aquaculture sectors (Bostock et al., 2010) , expanding twice as fast as fisheries based on salmonids or carps (FAO, 2011) . Given the rapid expansion of tilapia aquaculture, many decisions are being made to introduce fishes into new watersheds which may have far-reaching ecological, social, and economic effects through changes to ecosystem services.
Ecosystem services include the goods and other resources that contribute to human welfare directly through markets or other non-market values (Millennium Ecosystem Assessment, 2005) . Changes in the biotic components of an ecosystem, including changes caused by species introduction, may increase some services while simultaneously decreasing others (Hooper et al., 2005; Lodge et al., 2012) . Specifically, increasing tilapia production may cause a decrease in populations of harvestable native species, a decrease in habitat, or recreational and cultural ecosystem services linked to the native species harmed by tilapia (Canonico et al., 2005) . Differing opinions on the type of ecosystem services provided or affected by tilapia prevent a comprehensive policy framework for the management of this species (Redpath et al., 2013) . The extensive review provided here may reduce areas of disagreement and allow more informed future decisions regarding tilapia species.
Global tilapia production in 2012 exceeded 9.6 million tons, 4.5 million of which came from aquaculture and was valued over $7.6 billion USD. From capture fisheries, at least 30% of global tilapia production comes from feral tilapia populations from six main countries: Mexico (62935t), Philippines (44896t), Thailand (38300t), Indonesia (31960t), Sri Lanka (28250t), and Brazil (25246t). In some countries the majority of all reported freshwater fish capture production derives from feral tilapia: Cuba and Panama (100%), Nicaragua (84%), Mexico (58%), and Sri Lanka (54%; FAO Fisheries and Aquaculture Department, 2014) . While the production of tilapia from these ecosystems provides easily quantified monetary benefits, the possible tradeoff in terms of losses of other ecosystem goods or services which are likely to have accompanied the introduction and harvest of tilapia are less well quantified.
The ecosystem service tradeoffs potentially caused by tilapia production have been the subject of previous reviews that documented undesirable ecological effects (Pullin et al., 1997; Canonico et al., 2005) . For example, tilapia are considered to be the proximate cause of declines in many native fishes: desert pupfish (Cyprinodon macularius) in the South West United States (Black, 1980; Varela-Romero et al., 2000) , Sinarapan (Mistichthys luzonensis) from Lake Buhi in the Philippines (Gindelberger, 1981) , and various native cichlids that once comprised important components of fisheries harvests in Lake Nicaragua (McKaye et al., 1995) and Lake Victoria (Mkumbo and Ligtvoet, 1992; Goudswaard et al., 2002) . Tilapia have also been implicated in harm to other fisheries such as milkfish aquaculture in Nauru (Ranoemihardjo, 1981) , and cyprinid harvests in India (Sugunan, 2000; Sugunan, 1995) . Reductions in other ecosystem services caused by tilapia are associated with the loss of aquatic plants and the habitats they provide to native species (Crutchfield, 1995) , as well as undesirable biotic and abiotic changes associated with eutrophication (Figueredo and Giani, 2005) . In contrast, some tilapia fisheries may act to protect native species by removing fishing pressure from natives (Arthur et al., 2010) .
Due to the diversity of reported ecological effects and the lack of a quantitative review that considers the strength of inferences from different kinds of study designs conflicting perceptions of the ecological impacts of tilapia have emerged. Assessments of tilapia impacts range from no negative impacts to extremely harmful (Canonico et al., 2005; Gozlan, 2008) . This range of perceptions is perpetuated because areas where tilapia have been introduced for culture and capture fisheries are concentrated where resources to support ecological research are limited (Canonico et al., 2005; UNESCO, 2007; De Silva et al., 2009; Josupeit, 2010; Skelton & Swartz, 2011; Amano and Sutherland, 2013) . It is likely that the absence of evidence for ecological effects is often substituted in management and policy decisions for evidence of the absence of ecological effects, in which case the monetized value of tilapia production may drive perceptions and decisions about tilapia introduction (L€ ovei et al., 2012) . The goal of this review is to comprehensively assess the reported effects of tilapia introductions on ecosystem services, motivated by a desire to inform those making decisions about the introduction and management of tilapia.
To accomplish this general goal, three specific questions are addressed: (1) What proportion of tilapia introductions are associated with ecological effects? (2) Does the presence or absence of ecological effects vary by the type of ecological effect considered, the particular tilapia species, the time and place where the introduction has occurred, or the study design used to assess effects? (3) Do perceptions of the relative harm or benefit differ by species, region, or the presence of ecological and socioeconomic effects?
The first question addresses the number of countries in which tilapia introductions have caused ecological effects. A review of global freshwater fish introductions (Gozlan, 2008) reported that 5-20% of cichlid introductions (of which tilapia are the major constituent (Welcomme, 2011) ) have resulted in negative ecological impacts, in contrast with the experience of tilapia researchers in particular cases (Vitule et al., 2009) . A new count of the number of countries that have received tilapia introductions is provided, and an improved estimate for the proportion of countries for which tilapia introductions have been associated with ecological effects is derived. Ecological effects in this review are defined as demonstrable changes in ecosystem function and/or the provisioning of ecosystem goods and services.
The second question asks if the presence or absence of ecological effects vary by the tilapia species, type of effect, the year, and place of the study, or the study design. The life-history traits of tilapia that have made them an aquacultural success (e.g., rapid somatic and population growth, wide environmental tolerances) are the same traits often associated with invasive species (Bruton and van As, 1986; Lorenzen, 2000; Norrgren et al., 2000; Canonico et al., 2005) . These and other traits differ between common species of tilapia, such that different species might be expected to have different ecological effects. For example, while most tilapia are opportunistic omnivores, species of the genus Tilapia are typically macrophyte feeders while Oreochromis are typically microphagous (Beveridge and Baird, 2000) . As a result, Tilapia have previously been used to control aquatic weeds (Hauser et al., 1977) , suggesting these species may impact plant habitats relatively frequently. Similarly, O. mossambicus is the only cichlid listed as among the world's worst 100 hundred invasive species (Lowe et al., 2000) , raising the expectation that O. mossambicus should be associated with more undesirable ecosystem impacts than other tilapia.
The occurrence and magnitude of the ecological effects from a species introduction is often dependent on the characteristics of the community and ecosystem that receives them (Kolar and Lodge, 2001; Bruno et al., 2005; Zenni and Nuñez, 2013) . Tilapia are native to Africa and a small portion of the Middle East, but are now found throughout the world, particularly in tropical regions. Thus, it was predicted that hybridization and competition between introduced and native species of tilapia would be greatest in Africa because basic ecological theory expects these interactions to be strongest among similar species though recent work provides some evidence to the contrary in fish (Abrams, 1983; Perry et al., 2002; Mouchet et al., 2013) . To answer this second question, mixed-model logistic regression was used to estimate the importance of study design, species, and regions to the reported presence or absence of ecological impacts.
Finally, the third question examines whether perceptions of the relative harm or benefit of tilapia introduction differ by species, region, or the presence of ecological and socioeconomic effects. For each of the research papers reviewed the authors' conclusion, if any, about whether the effect on ecosystem services of the introduced tilapia studied was positive (overall increase in ecosystem services), negative (decrease in ecosystem services), or both (positive and negative changes) were recorded. Mixed-model ordinal regression was used to model the contribution of ecological effects, species of tilapia, region, study design, and the relative monetary value of introduced tilapia fisheries to a country's economy in explaining the observed perception of the impact on ecosystem services. It was predicted that reports of ecological effects would be negatively correlated with the perception of tilapia introduction, but that the contribution of tilapia production to a country's economy would be positively correlated with perception as well as the amount of research put towards tilapia ecology.
Methods

Literature review
Original published reports of the ecological impacts of tilapia introduction were sought from all sources, dates and locations, including peer reviewed publications, For each paper the focal tilapia species and the country or geographic region of introduction was recorded. Relying on the original authors' interpretations, reported ecological effects attributed to tilapia introductions were placed into four categories: effects on resident fish; effects on non-fish biota; effects on abiotic factors; and no effects considered. Effects on resident fish and non-fish biota were defined as changes in at least one demographic parameter (e.g., population size or somatic growth rates) of the resident species population(s) attributed to the introduced tilapia species. Changes in these parameters were recorded as positive, negative, or complex, the later representing multiple parameter interactions. The resident fish category included native fish species and naturalized introduced species. Effects on non-biotic habitat components consisted of common water quality measurements (e.g., dissolved oxygen, pH, and chlorophyll) typically as an indicator of eutrophication. The "no effects considered" category consisted of studies on introduced tilapia populations for which none of the first three categories of ecological effects were considered. These studies were typically focused narrowly on tilapia ecology, for example, on a comparison of somatic growth of tilapia under different conditions with no explicit consideration of the reciprocal effects of tilapia on the ecosystem.
Ecological mechanisms by which any reported effects were attributed by the original authors were also categorized: competition, disease, and interspecific hybridization. The competition category consisted of any type of competition for food or space, and included interference and exploitative competition. Disease consisted of instances when tilapia served as a vector for nonindigenous pathogens or parasites, and/or provided a reservoir which maintained or propagated the incidence of an existing pathogen or parasite. The hybridization category consisted of interbreeding with native or previously introduced tilapia species.
Different study designs allow different strengths of inference about cause and effect (Diamond, 1986 ), e.g., about whether a given impact on ecosystem services is caused by tilapia introduction or some other (potentially unmeasured) cause. Thus, conclusions about impacts were examined contingent on the type of study design employed. Four components of study designs used by the original authors to make inferences about ecological effects and mechanisms were categorized: quantitative measurement; time-series; observations or experiments with replicates; and observations or experiments with control or reference treatments (i.e., lacking introduced tilapia). Quantitative measurement was defined as the numerical measurement of the parameters implicated in the effect or mechanism categories; purely anecdotal reports, presence-absence reports, and species lists were not included as quantitative measures. Time series was defined as the use of data collected either before and after tilapia introduction, or collected at least three data points across 10 years post tilapia introduction (Walpole et al., 2009) . Replication was defined as the presence of at least two replicates (i.e., n 2) for at least one tilapia introduction treatment or where the populations of introduced tilapia can be reasonably considered to be distinct from other populations. In most cases, this meant multiple isolated water bodies where tilapia had been introduced. Distant populations in a large lake or river, or experimental ponds completely drained between replicates were also included. Finally, a control or reference treatment was defined as a similar waterbody where tilapia were not introduced. For the hybridization mechanism, quantitative and control data were defined more specifically. Quantitative data was defined as the determination of hybridization using morphometric or meristic methods, genetic techniques, or experimental crosses. A hybridization study was recorded as having control or reference treatments when the study reported high-order genetic mixing (e.g., via the detection of backcrosses and/or the fertility of hybrids).
Time-series, replication, and controls were not necessarily quantitative, e.g., anecdotes of tilapia impacts may still have a time-series component. Thus, study design components were independent, and for each paper, we extracted a fully crossed matrix of impacts and mechanisms times study design (i.e., a 7 £ 4 matrix), in which was recorded the presence, absence, or not considered of each study design feature for each impact and each mechanism. The full review instrument and citations are provided in the online supplement.
The original authors' description of the socioeconomic impact of tilapia was categorized as positive, negative, both, or not considered. Determinations of "positive" or "negative" perceptions were made only when the original paper included clear and explicit statements. Examples of phrases that led to a score of "negative" included: "We therefore consider that O. niloticus poses an unacceptable risk to its congenerics in the Limpopo River system" (Zengeya et al., 2012) , and "The species have become widely established, with a range of negative consequences for the rich natural fish fauna of this Central American country" (McCrary et al., 2007) . Statements scored as "positive" included: "The general importance of tilapias to the Asian region is evident from the fact that the first ever, multination, selective breeding programme on a cultured finfish species in Asia was on O. niloticus" (De Silva et al., 2006) and "Use of these non-native tilapia and carp species in fisheries enhancement in mainland SE Asia supported substantial increases in harvestable biomass while having only mild impacts on native fish communities" (Arthur et al., 2010) . In contrast, where authors acknowledged both significant benefits and harms, "both" was assigned. The default category was "not-considered."
Analyses
Proportion of introductions associated with ecological impacts
The number of countries from which ecological impacts have been attributed to tilapia was divided by the total number of countries to which tilapia had been introduced and in which a specified level of research effort had been directed toward detecting ecological impacts. Research effort was categorized into six bins based on study designs (see below). The bins represent a gradient of increasing strength of inference as a result of increasing sophistication of the research effort. A range of answers to the first research question is provided contingent on which bin of effort was used as a denominator. This approach recognized that detecting impacts of tilapia is analogous to ecological sampling for the presence of cryptic, rare, or endangered species where non-detection may be a result of insufficient sampling effort. This metric does not indicate the overall scientific quality of the papers reviewed, because for many papers, the information relevant to the current purpose was not the main focus of the original paper.
Study design bins contained the number of countries which meet the following criteria. Bin 1 is the total number of countries in which tilapia species have been introduced. Bin 2 comprises the number of countries in which established, feral populations of tilapia exist. Bins 1 and 2 were based on fishbase.org (Froese and Pauly, 2012) and the FAO Database on Introduced Aquatic Organisms (FAO, 2012). The literature review described above also provided data for bins 1 and 2, and was the sole source of data for bins 3-6, as follows. Bin 3 contained all reports without quantitative data, while bin 4 reports were based on only quantitative data no other data types. Bin 5 reports contained quantitative and control data, and bin 6 contained quantitative data, control data, and replicate or time-series data. Replicate and time-series data were considered equivalent here because of the common logistical tradeoff made in ecological studies between replication in time and space. The conservative assumption was used that "no effect considered" papers represented absence of ecological effects, acknowledging that in many cases the original author may not have intended to address the ecological effects of tilapia. The justification for this assumption is that it is possible that the reason ecological effects were not considered was because effects did not exist. This assumption makes it more difficult to reject the null hypothesis that ecological effects are uncommon as reported in Gozlan (2008) .
Moving from bin 1 to bin 6 implies increasing strength of inference, that is, increasing assurance that the reported presence or absence of an ecological effect represents the true state of the system. For example, an effect reported from a particular paper making use of quantitative data, replication, and controls (bin 6) is considered more likely to represent a real ecological effect than a paper reporting that an impact occurs but does not use controls (bin 4). Thus, it was expected that the global probability of impacts calculated from higher bins are better representations of the true probability of impact. A plateau in the detection of ecological effects with increasing bin number would suggest that the estimate is approaching the true value of the prevalence of ecological impacts.
Presence or absence of ecological effects as a function of effect type, species, region, and study design Mixed-model logistic regression was used to test whether the presence or absence of ecological effects was influenced by year of publication, tilapia species, region, effect type, and study design. Only reports from the literature review (bins 3-6) were included in this analysis, on the basis of results for Question 1 (see Results) study design was coded simply as the inclusion (or not) of controls or reference treatments. The data set was also limited to reports that explicitly considered the ecological impacts of tilapia, excluding "no effect considered" papers because doing so assured that relevant controls and references were applicable specifically to the ecological effects of tilapia. Study design and publication year were used as fixed effect covariates, and these were nested according to species or regions as random effects. That is, the effects of particular species and years are assumed to be drawn from a normal distribution of effects with a single global mean. Logistic regression models were fit for all possible combinations of including or excluding each fixed or random effect, yielding 16 basic models. These models were run for all ecological effects combined, and separately for effects on resident fish, the biotic community, and habitat. The best models were selected using Akaike's Information Criterion (AIC). Analyses were carried out in R (R Core Team, 2012), using the lmer function in the lme4 package for the logistic regression with mixed effects.
Perceptions of tradeoffs among ecosystem services resulting from tilapia Three approaches were used to test how the perception of tilapia is related to the relative magnitude of the socioeconomic benefit of tilapia. First, an ordinal regression employing a cumulative link mixed model tested for a relationship between perception of tilapia introduction outcomes (i.e. positive, negative, and both) and the presence or absence of ecological effects. This model, as in question 2, also included fixed effects for publication year, and study design, random effects for tilapia species, and region, while also including the presence or absence of ecological effects as an additional fixed effect. These ordinal models were estimated using the clmm function in the ordinal package in R. Model selection was performed in the same manner as described for question 2.
Second, the ordinal regression modeling described above was repeated, but included a socioeconomic term, which was the percentage of country-specific gross domestic product (GDP) contributed by tilapia fisheries. Model selection was carried as described above, and these ordinal regression models including GDP were then compared to those described above without GDP. Percentage GDP was estimated for each country for which a literature-derived result for impact of tilapia was available. Countries' GDP was retrieved from the World Bank DataBank (http://databank.worldbank.org; accessed Dec. 13, 2012). The total value of tilapia harvest in each country was calculated from a country's value per ton of tilapia aquaculture production and linearly extrapolated to the countries' total tilapia production from aquaculture and wild harvest (FAO Fisheries and Aquaculture Department 2014). This estimation was performed for every year data was available from 1950 to from tilapia production was then matched to the year closest to the publication year within C/¡ 5 years.
Finally, whether research effort or the perception of tilapia was related to the proportion of GDP contributed by tilapia was tested. Two one-way ANOVAs were used to test whether percentage GDP differed across countries with different levels of research effort (indexed by study design bins described above) or for perception of tilapia ecosystem service impact (i.e., negative, positive, and both).
Results
The initial literature search conducted on May 25, 2010 identified 290 relevant publications for review. References within these publications and from forward literature searches identified a further 532 relevant publications for a total of 822 articles screened. Of these, 144 were unavailable. Of the 678 publications reviewed in detail, 416 included information on ecological interactions or fisheries involving tilapia, and 352 specifically addressed ecological effects of tilapia.
The rate of tilapia publications increased from the 1950s through the 1970s and plateaued in the early 1980s at about 25 publications annually (data not shown). There were 140 countries into which at least one tilapia species had been introduced. Figure 1 maps the global distribution of tilapia publications by focal species and summarizes the presence or absence of ecological effects across major regions for both all reporting publications and for only studies which use controls. The United States and Sri Lanka were the two largest contributors to the tilapia literature with 93 and 30 reviewed publications, respectively, followed by India (n D 21), Mexico (20), Australia (17), Brazil (13), Kenya (11), Bangladesh (8), Israel (7), Philippines (6), South Africa (5), and Madagascar (4; Figure 1A ). Due to the large discrepancy in sample size between the United States and Sri Lanka, and all other countries, countries other than the United States and Sri Lanka were pooled into five regions for analysis ( Figure 1B ): Africa (31 countries), Asia (25), Neo-tropics (21), Lake Victoria (18), and Oceania (14). Publications from 37 countries reported ecological effects attributed to tilapia (Figure 1) . The Neotropics was the only region to report the presence of the full suite of ecological effects considered. In publications that explicitly considered the presence or absence of ecological effects, 152 reported effects while 22 reported that effects did not occur. An additional 53 publications reported both the presence and absence of different ecological effects or mechanisms.
Proportion of introductions associated with ecological impacts
Tilapia species have been introduced into at least 140 countries around the world. Previous studies have estimated this closer to 90 to 100 countries (Pullin et al., 1997; Coward and Little, 2001 ). At present, 55% of all countries in the world have reported populations of nonnative tilapia species established outside of aquaculture. At the country scale at least 26% of all known tilapia introductions were associated with ecological impacts (Figure 2, bin 1) . From bin 1 to bin 6, the proportion of countries with impacts increased. For bin 4 and above, the proportion of countries which report effects is greater than 80%, and reaches 100% for some species. In almost all countries where even a modest level of ecological research effort has been targeted at tilapia, ecological impacts have been observed. By bin 5, the increase in proportion of countries reporting ecological effects of tilapia has reached near the maximum relative to bin 4 through bin 6 (Figure 2 ). Based on this result, subsequent analyses (for the logistic regression addressing question 2, and the ordinal regression addressing question 3) used the presence or absence of controls or references as a threshold of inferential power.
Presence or absence of ecological effects as a function of effect type, species, region, and study design Logistic regression provided no evidence that the year a study was conducted, the particular species, or the regions where the study occurred influenced detection of any ecological effects. The best logistic regression model (lowest AIC) for the presence or absence of all effects combined was the simplest, intercept only model, implying no influence of any of the tested covariates on the overall presence or absence of ecological effects. In all 16 base models, dAIC was less than 7.7, suggesting negligible discrimination between these models and providing no support for effects of study design, year, species, or region on the presence or absence of ecological effects.
Different species, particularly O. mossambicus, were expected to be more strongly associated with ecological effects, but this was not the case. O. mossambicus may simply be considered the "worst" invasive fish (Lowe et al., 2000) due to its relatively large global distribution rather than the presence of ecological effects. Both Oreochromis and Tilapia species were implicated in the occurrence of ecological effects despite substantive differences between these genera in life-history, such as parental care and diet (Beveridge and Baird, 2000; Klett and Meyer, 2002) . As expected, hybridization was reported more often in Africa ( Figure 1B ) but was also reported among feral introduced tilapia in all regions considered and regional effects were not significant.
When considering different ecological effects and mechanisms separately by logistic regression, only impacts on resident fish and biotic community had sufficient representation across species and regions for using Locations were mapped to specific waterbodies when possible, or placed in the geographic center of the country or state/province where the study took place and offset to limit overlap. (B) Map of reported ecological effects (solid symbols) and mechanisms (hollow symbols) by region. Numbers within symbols indicate the total number of studies reporting that effect or mechanism, while the number in parenthesis indicates the number of studies which report that effect and use quantitative data, and controls or reference treatments. our logistic regression model. In both cases, the best selected model was the intercept only model. For impacts on resident fish, the top seven models were all within dAIC D 2 of the best model. For impacts on biotic community the top four models were all within dAIC D 2, each with the addition of a second parameter (year, region, or species, respectively) indicating little ability to distinguish between the null model and the influence of these parameters.
Perceptions of tradeoffs among ecosystem services resulting from tilapia
For all ecological effect types combined, the best ordinal regression included terms for the presence of region and species ( Figure 3A) , use of controls ( Figure 3B ), and publication year ( Figure 3C ). The second best model additionally included species groupings, but no species significantly deviated from the mean species effect. The two top models (dAIC <1.6) also supported significant effects of year of publication, with older publications more likely to report positive outcomes ( Figure 3C ). These two top models also indicated a significant effect of region, with Oceania dominated by negative perceptions and Sri Lanka by positive perceptions ( Figure 3A) .
The presence of ecological effects was the most influential determinant of perceptions of tilapia introduction in the ordinal regression model, increasing the probability of negative perceptions of tilapia introduction (Table 1) . As expected, authors' perceptions about tilapia impact on ecosystem services were consistent with measures of ecological effects (Figure 4) . For studies in which impacts were documented, over four times as many papers concluded that the impacts of tilapia were negative than concluded that impact was positive, with an intermediate number of papers having both positive and negative components. In contrast, for papers reporting no effects of tilapia, the opposite trend suggests positive perceptions are more associated with lack of ecological effects ( Figure 4A ). The largest single category of publications reported both ecological impacts and a negative perception of tilapia introduction ( Figure 4A ). For papers that included a control or reference treatment, the pattern was similar but less pronounced ( Figure 4B ). The inclusion of increasing research effort, and hence increasing inference ability, decreased the probability of reporting negative perceptions such that the occurrence of both impacts and controls made "both" outcomes more likely.
As the proportional contribution of tilapia fisheries to country GDP increased, the expected trend of increased research effort (i.e., bin assignment) is observed, but this trend was not statistically significant (F D 1.16, p D 0.33). As the proportional contribution of tilapia fisheries to country GDP increased, there was a significant trend toward increased positive perception about the ecosystem service impact of tilapia (F D 4.135, p D 0.016). Including GDP in the ordinal regression required a loss in sample size due to missing GDP data, reducing from 191 publications in the overall model to 129. The best model included GDP as well as control treatment, impact, and region effects ( Table 1) . The second and third best models, however, were also highly supported (dAIC < 2) but neither included GDP. The second model was more parsimonious than the first, and the third model was identical to the best model from the previous ordinal regression which excluded GDP. These results suggest that while GDP and perception were related, percent contribution of tilapia to GDP was not a sufficient predictor of perception of the ecosystem tradeoffs.
Discussion
This study represents the most comprehensive review of tilapia literature to date and reveals that previous studies have underestimated the ecological effects of tilapia at the global scale. In this analysis, the lowest proportion of Figure 2 . The proportion of countries reporting ecological effects of tilapia introduction across all effect types by all species combined and by important species arranged in order of increasing power of inference in attributing ecological impacts to tilapia (see Methods for complete description of the bins, which represent increasing research effort). The numbers above the bars are the number of countries reporting ecological impacts of tilapia.
countries that have received introductions and reported ecological effects (26%, Figure 2 ) is much higher than the average 5% and even the most extreme 20% previously reported (Gozlan, 2008) . The ecological effects of tilapia introduction are reported almost everywhere tilapia introductions are studied with no significant effects of species or region. Indeed, the geographic extent in this analysis includes all continents and most major freshwater habitat types, except polar and montane freshwater (Abell et al., 2008) and includes all major tilapia species. The widespread reporting of ecological effects across species and regions suggests that the occurrence of ecological effects may be expected wherever established feral tilapia populations exist in similar habitats. The perception that tilapia negatively affect ecosystem services was significantly associated with documented ecological effects on ecosystem services, but with some strong regional differences. Trends in tilapia contributions to a county's GDP are consistent with the interpretation that these regional differences may be explained by the socioeconomic benefits of tilapia introduction. However, contribution to GDP is insufficient to predict whether tilapia introduction are viewed as positive or negative forces on ecosystem services because increasing research effort associated with higher contributions to GDP also tends to increase the recognition of both positive and negative perspectives. These results quantitatively demonstrate that studies with higher research effort were more likely to temper claims of negative ecological impacts with appeals to socioeconomic benefits, or equivalently, to temper claims of positive socioeconomic impact with appeals to ecological impacts.
The divergence of conclusions about tilapia impacts apparent in the literature was addressed by separately assessing the ecological effects of tilapia introduction, which are rarely monetized, from the more easily monetized ecosystem service provided by tilapia production and harvest. Geographical and socioeconomic contexts of tilapia introduction, as well as ecological effects, play a significant role in the perspective of benefits or harm. While documented ecological changes were strongly associated with negative perspectives, this relationship was also dependent on the socioeconomic context, particularly the value of tilapia production and latent regional factors. These results are in agreement with previous work emphasizing that concepts of invasion are context specific and mutable (Lodge and Shrader-Frechette, 2003; Nuñez and Simberloff, 2005) , and that complex perceptions are typical for introduced species that provide some ecosystem services while harming others (Davis et al., 2011; Gleditsch and Carlo, 2011; Schlaepfer et al., 2011) . Some general considerations and potential analyses to further inform decision and policy making regarding tilapia introductions are discussed below.
One of the main results of this review was the discovery that regional context partly determines the perception of ecosystem services provided by, or lost to, tilapia introduction. Very coarse country and regional groupings were used in this analysis to construct reasonable sample sizes of publications for analysis. Regional patterns may therefore be partly due to the grouping of publications and introductions across regions considered. This effect may be particularly true for the United States and Sri Lanka, the two largest contributors of tilapia research by a considerable margin. Together, these two countries represent 35% of global tilapia research publications, but only 2% of countries to which tilapia have established feral populations. Moreover, reports from these countries had generally opposing perspectives towards the ecosystem service outcome of tilapia introduction. Approximately 80% of US publications emphasized negative impacts on ecosystem services, while in Sri Lanka, 75% of the publications emphasized positive outcomes. While the results from these countries dominate the literature they should, however, also be viewed with caution because neither the United States nor Sri Lanka represents typical biogeography of tilapia introductions. The United States exists at the very edge of the environmental tolerances of tilapia (Zambrano et al., 2006) and winter die-offs occur even in southern states (Germany and Noble, 1977) . Meanwhile Sri Lanka is environmentally well suited for tilapia but there are few if any native freshwater fish species (De Silva, 1989) to resist or be affected by introductions (Moyle and Marchetti, 2006) . Thus the ecological effects and resulting tradeoffs reported in the United States and Sri Lankan habitats may not be comparable to other regions or countries, despite the fact that these countries are the largest contributors to tilapia ecology publications.
There are very few reports of tilapia in Europe, and this presents an opportunity for decision makers. On the one hand, introductions of tilapia in Europe appear relatively rare ( Figure 1A ) but feral populations have recently been reported in Italy (Bianco and Turin, 2010) and Turkey (Akin et al., 2005) . The fate of these populations as well as future introductions may still lie in the hand of decision makers. Meanwhile, much of Oceania has already experienced tilapia introductions and a fairly large number of the publications reviewed herein (30) are from this region. These analyses suggest that Oceania is associated with negative outcomes more so than any other region. Yet, Oceania represents probably the largest and most geographically dispersed region included in the study. There are doubtless undocumented islands to which tilapia have become established, and others to which it has not, with obvious potential for a large scale natural experiment.
Tilapia introductions often occur simultaneously with other major drivers of ecological change in freshwaters such as habitat degradation, heavy fishing pressure, flow modifications, and pollution (Dudgeon et al., 2006; De Silva et al., 2009) . But, almost none of the studies reviewed herein comprehensively address these possibly confounding factors with rigorous study designs. Few of the publications were experimental; most were observational studies of natural experiments and fishery-derived data. Replicates and controls were rare and their association to treatments often tenuous. As with other invasive species, assigning causation for observed changes under these circumstances is difficult (Lodge and ShraderFrechette, 2003) .
In this review bins of increasing inferential ability partly overcomes the problems of study designs with individually low inferential ability by increasing confidence that publications are reporting tilapia as the true cause of observed ecological effects. Nonetheless, this review analysis suffers the weaknesses of a "vote-counting" approach (Gurevitch and Hedges, 2001 ) within each bin. One of these weaknesses is the reliance on the statistical power within each study, which is often severely limited by small sample sizes and insufficient control. Another limitation is inability to estimate effect magnitude, i.e., the size (not just the occurrence) of the ecological effects on ecosystem services. An extensive set of tools have been developed for meta-analysis of ecological literature that estimates and compares these magnitudes in terms of effect sizes (Osenberg et al., 1999; Cadotte et al., 2012; Borenstein et al., 2009 ). Such an analysis should be conducted on the small subset of reports herein that used both controls and replicates and otherwise adequate study designs and reporting for meta-analysis techniques.
Conclusion
This review quantitatively demonstrates that tilapia introductions often represent a tradeoff between ecosystem services provided by tilapia and services which are negatively affected by tilapia. Being able to consider this tradeoff explicitly in the decision making process is important to adapting to ongoing environmental change and resolving the conflicting attitudes pervasive in the global tilapia literature. On a global scale, increasing research effort increases the probability of detecting ecological impacts of tilapia introduction. More than 80% of published ecological research on tilapia reported changes in ecosystem services. The occurrence of ecological effects was not a product of different species of tilapia, different global regions, the type of data used, or study design. It is unequivocal that tilapia are frequently associated with, and a demonstrated cause of, undesirable ecological changes in many areas.
Results also illustrate that increasing research efforts leads to increasingly ambivalent perspectives about the net socioeconomic value of tilapia introductions, as undesirable ecological impacts become as apparent as the socioeconomic benefits of tilapia production. In some cases, perspectives are regionally determined. There is not, nor is there likely ever to be, a global consensus on the socioeconomic merits of tilapia introduction. Rather, we recommend that decisions be informed by comparisons of the regional and local economic benefits to the regional and local ecological costs now and in the future. While the ecological effects may be similar over much of the introduced range of tilapia, as results demonstrate, there is no reason to expect uniform socioeconomic benefits. The work of managers, decision and policy makers, and other stakeholders is therefore made all the more relevant in the careful consideration of local context in decisions about tilapia introductions. And there will be ample future opportunities for informed decisions.
Only about half of all tropical countries have at least one established, feral, tilapia population. This number is probably an underestimate due to underreporting in global datasets (Welcomme, 2011) and limited resources for research in areas where tilapia are prominent (UNESCO, 2007; Josupeit, 2010; Skelton and Swartz, 2011) . Nonetheless, an important opportunity clearly exists for careful decisions in the many countries that are suitable for tilapia production, but are as yet uncolonized by tilapia.
